The EU aims to achieve a variety of ambitious climate change mitigation and sustainable 25 development goals by 2030. To deliver on this aim, the European Commission (EC) launched 26 the bioeconomy strategy in 2012. At the heart of this policy is the concept of the sustainable 27 Biorefinery, which is based centrally on a cost-effective conversion of lignocellulosic 28 biomass into bioenergy and bioproducts. The first generation of biorefineries was based on 29 utilization of edible food crops, which raised a "food vs. fuel" debate and questionable 30 sustainability issues. To overcome this, lignocellulosic feedstock options currently being 31 pursued range from non-food crops to agroforestry residues and wastes. Notwithstanding this, 32 advanced biorefining is still an emerging sector, with unanswered questions relating to the 33 choice of feedstocks, cost-effective lignocellulosic pretreatment, and identification of viable 34 end products that will lead to sustainable development of this industry. Therefore, this review 35 aims to provide a critical update on the possible future directions of this sector, with an 36 emphasis on its role in the future European bioeconomy, against a background of global 37 developments. 38 39
Introduction 47
Unprecedented challenges now face the future development of Europe, spanning food 48 security, climate change, and an over-dependence on non-renewable resources. 49
Simultaneously, it must balance strategies that harness renewable resources to maintain 50 environmental sustainability, while maintaining economic growth. To achieve this, in 2012, 51 the European Commission (EC) launched the European bioeconomy strategy entitled 52 "Innovating for sustainable growth: a bioeconomy for Europe". The interim fruits of this 53 initiative were assessed by the EU Commission in 2017 and indicated that the scope of the 54 current action plan was insufficient for the development needs of the biorefinery sector. 55
Within this strategy, the modern bioeconomy is defined centrally by the production of 56 biomass or the utilization of lignocelluosic wastes, with subsequent conversion into value-57 added products, such as bio-energy, as well as novel bio-based innovation. At the EU level, 58 the current bioeconomy has an annual turnover of 2.3 trillion EURO, and generates a total 59 employment of 18.5 million people. 60 a total of 476 million tons of lignocellulosic biomass need to be secured to fulfil demand for 74 bio-based products by 2030 [2] . The market for bio-based products is expected to be worth 40 75 million EURO by 2020, increasing to about 50 billion EURO by 2030 (average annual 76 growth rate of 4%). Research in industry and academia has been galvanized to address the 77 twin challenge of lignocellulosic breakdown and conversion into viable products: between 78 130-150 patents are annually submitted in the lignocellulosic biofuel area, and this is 79 
Global environmental concerns 89
Assuming that the current population growth rate of approximately 83 million people 90
continues each year, about 8.5 billion people will share the Earth by 2030 [5] . Thus, demands 91 for food, energy and economic development will continue to increase. The total energy 92 consumption in the world is expected to increase by 48% between 2012 to 2040, with 93 estimates of 664 and 860 quadrillion kilojoules (KJ) in 2020 and 2040, respectively [6] . 94 of 2005 [7] . Such increases in productivity must be achieved against a background of diverse 98 pressures on natural resources, such as land availability, water shortages and unpredictable 99 climate change impacts. The FAO has estimated that an additional 70 million ha of cultivated 100 land may be required by 2050, which will need significant investment. However, the 101 challenge is further exacerbated by the fact that most of the projected lands for expansion in 102 cultivation are in developing countries in Africa, which are often characterized by water 103 scarcity. Moreover, there is increasing competition for land use between urbanization and 104 agriculture. It has been reported that 1.8-2.4% of global cultivated land loss (equal to 3-4% 105 of worldwide crop production in 2000) may occur by 2030 due to urban expansion, 106 particularly in Africa [8] . Additionally, nature is suffering a further onslaught in the form of 107 climate change, worsened by increased population growth and associated economic activities: 108 increased global greenhouse gas emissions (GHG), environmental pollution, the ever-109 increasing volume of solid wastes and over-exploitation of natural resources are all key 110 challenges that need to be tackled. Total GHG were measured at approximately 51.9 111 gigatonnes of equivalent carbon dioxide (GtCO2e) per year in 2016, while the ambitious 112 global target is to reduce the GHG to 11 -13.5 GtCO2e by 2030 [9] . The World Health 113 Organization (WHO) reported that 3 million people are killed annually by outdoor air 114 pollution, and that only one-person-in-ten lives in a city that complies with the WHO air 115 quality standards [ [14] . The SDG included ensuring sustainable consumption and production patterns, 126 promotion of socially responsible industrialization and fostering of an innovation culture, 127 ensuring access to affordable and clean energy for all, and taking urgent action to combat 128 climate change. Additionally, the UN countries adopted the international climate mitigation 129 agreement in 2015 at the Paris climate conference which aims to limit global warming to 130 below 2°C on a national level. In this context, fostering the global bioeconomy ethos as the 131 pathway for achieving SDGs and climate change mitigation is vital. 132
2.1
The EU environmental challenges and the future bio-based economy 133
Viewed through the lens of environmental sustainability, many of the global concerns are 134 also relevant to the situation of the EU, and span over-dependence on fossil fuels, intensive 135 agriculture, over-fishing, non-sustainable forest and water resources management, pollution, 136 and poor land use. The EU possesses a high ecological footprint of 4.7 global hectares per 137 person, which is equal to twice the size of its biocapacity [15] . Worryingly, environmental 138 concerns in other regions of the world also affect the EU directly, through the impact of 139 global GHG, or via socio-economic pressures emanating from the global loss of biodiversity 140 or over-exploitation of natural resources. Driven by such challenges, the EU launched the 141 bioeconomy strategy in 2012 and established tangible action plans to actively shape the 142 targeted circular economy in Europe by 2030, thus enabling it to assume leadership in this 143 field. As a direct consequence, the industrial revolution in the 21st century is likely to be 144 based on renewable biological resources, with a paradigm shift in evidence after the historical 145 reliance on oil and other fossil fuels which came to dominance over the past three hundred 7 years. In this context, biorefining represents a bridge to a sustainable bio-based industry by 147 conversion of biomass into valuable products. However, when compared to fossil-based 148 refineries, biorefineries are an embryonic industry, with a variety of different biomass 149 feedstocks, a need for efficient conversion technologies and a portfolio of products which 150 may have varying market receptivity. 151
The Challenges in the biorefining value chain 152

Feedstocks 153
Integral to the biorefinery concept is accessing suitable feedstocks which are amenable to 154 cost-effective processing. Biorefining is a capital-intensive industry with large capital 155 expenditure (CAPEX) and requires knowledge of the feedstock resource base that is 156 sustainably available at low cost to support a facility. 157
First generation (food crops) 158
The first generation of feedstocks depended on easily accessible and edible fractions of food 159 crops, with the main product being biofuel. Bioethanol may be produced from sugar (e.g. 160 sugarcane, sugarbeet, and sweet sorghum) and starch (e.g. corn, and cassava) crops, while 161 biodiesel is produced from oil seed crops (e.g. soybean, oil palm, rapeseed, and sunflower) 162
[16]. However, in recent years, serious criticisms have been raised about competition in land 163 use that has arisen as a direct consequence of incentivizing energy and oil crops at the 164 expense of food crops. 165
Second generation (Non-food crops and lignocellulosic wastes) 166
The growing controversy of 'food versus fuel', along with associated production economics, 167 biofuel policies and sustainability trends, promoted the rise of a second generation of 168 feedstocks based on lignocellulosic biomass. The latter include non-food, short rotation 169 grasses that have high yield and suitability to marginal lands or poor soils (e.g. poplar, 8 willow, eucalyptus, alfalfa, and grasses such as switch, reed canary, Napier and Bermuda), 171 agricultural residues (e.g. forest thinning, sawdust, sugarcane bagasse, rice husk, rice bran, 172 corn stover, wheat straw, and wheat bran), and agroindustrial wastes (e.g. potato and , orange 173 peel, spent coffee grounds, apple pomace, ground nut oil and soybean oil cake) [17] [18] [19] . 174
Critically, the latter are so-called negative cost waste materials from other industries, and so 175 theoretically the value proposition has heightened appeal. However, such materials are also 176 the most refractory to extraction of sugars ( Figure 1 ). 177
Non-food terrestrial biomass 178
Non-food energy crops have received much attention as an alternative to food crops during 179 the first phase of transition toward the second generation biorefinery, and these may be 180 categorized mainly into woody and herbaceous crops. 181
Woody crops (short rotation woody crops) 182
Examples of short rotation woody crops (SRWC) are cottonwood, silver maple, black locust, 183 willow, poplar, and eucalyptus. Generally, SRWC are hardwood trees that are traditionally 184 used in paper and pulp industries [20] . Wood is an age-old source of energy for man and 185 sustainable systems for its conservation are well established. Furthermore, SRWC has 186 significant advantages over many other lignocellulosic biomass types in terms of widespread 187 availability in most regions of the world, high energy density and existence of well-188 established handling technologies arising from the pulp and paper industries. However, 189 utilizing the global forests for biorefining as a sole feedstock will have significant effects on 190 forest management, wood processing, and the pulp and paper sectors; such aspects need to be 191 requirements and nutrient inputs. On the down-side, likely future competition with food crops 214 for land use (and indirect land use change), combined with production issues (e.g. weed 215 control) and required production inputs (e.g. nitrogen fertilizers) are all aspects that must be 216 considered. 217
Agroforestry residues & processing wastes 218
Separation of plant biomass intended for the biorefinery from that which may be used in the 219 food/feed-chain is a key aspect of future sustainability. Hence, lignocellulosic materials from 220 wood processing, pulp and paper industries, agricultural residues and agro-industrial wastes 221 hold the most potential for use as feedstocks; they are also low cost, abundantly available and 222 generally comply with environment sustainability goals. However, the transport and handling 223 logistics of this feedstock type, combined with a dearth of cost-effective lignocellulosic pre-224 treatment operations, are major drawbacks that are delaying progress in their utilization for 225 this purpose. In response to such issues, the EU has funded the SUCELLOG project as an 226 example of an integrated biomass logistics center (IBLC) in four EU countries (Spain, 227 France, Italy, and Austria). The aim of this work is to overcome aspects such as the 228 seasonable availability of feedstock and supply logistics via improved handling, pretreatment 229 and storage of lignocelluosic biomass in a logistic center, with shipment directly to local 230 biorefineries or transported to be sold to the global market [25] . 231
Primary agroforestry residues (agricultural & forestry residues) 232
Agricultural and forestry residues are generated during cultivation activities of crops and 233 trees (e.g. harvesting and shaping) and have a low economic value for primary producers. 234
While both are lignocellulosic in nature, agricultural residues contain a lower level of lignin 235 as compared with forestry residues. It was estimated that the realistic potential of agricultural 236 crop residues is 74.89 Mt/year in the EU, while the realistic potential of forestry residues is 237 43.5 Mt/year in the EU, Ukraine and Belarus [26] . The realistic potential is calculated from 238 the technical-sustainable potential, while the latter is derived from the theoretical potential. 239
Examples of agricultural residues are non-edible components of cash crops such as straw 240 (stalks, leaves) from cereals and legumes, as well as stalk, stubble and leaves from sugar, 241 tuber, oil, and vegetable crops. Furthermore, examples of forestry residues are stumps, 242 branches, treetops, needles and leaves after harvesting, weeding, trimming and pruning. 243
Secondary agroforestry wastes (food industry & wood processing wastes) 244
Food industry byproducts encompasses wastes from various industries such as sugarcane 245 bagasse (from sugar milling), pomace (pressing of tomato), apple and grapes (juice), olives 246 (for oil), brewer's spent grain (BSG -from beer-brewing), spent coffee grounds (coffee 247 preparation), as well as citrus and potato peels. The global production of some of these 248 humble wastes are significant. For example, potato peels generate between 70 and 140 249 thousand tons worldwide every year [27]; this compares with 5-9 million metric tonnes of 250 grape pomace and 3-4.2 million metric tonnes from apple pomace per annum [28] . BSG 251 generated from beer-brewing has been estimated at 3.4 million tonnes annually in the EU 252 alone, and over 4.5 million tons in USA as the largest craft beer producer [29] . Wood 253 processing industries include wastes such as cuttings, shavings, veneer, sawdust and sludge 254 from the production of panels, furniture, cardboard, pulp and paper. 255
In the EU, around 11 million tonnes of solid waste were generated from paper and pulp 256 industries per annum in 2005 [30] . Significantly, an increase in agricultural residues and 257 wastes is expected to result from a required population-led increase in food production. 258
Following on from this, an increase in forestry residues and wastes is also expected. 259
Third generation (Non-food marine biomass) 260
Algae have been proposed as a potential non-food marine biomass, spanning macroalgae 261 toxicity of the crude pyrolytic substrates, the formation of growth inhibitors from raw syngas 338 contaminants, and mass-transfer limitations in syngas fermentation are critical challenges 339 which limit the efforts to commercialize hybrid processing. Despite this, combined 340 biochemical and thermochemical conversion technologies represent the greatest hope for 341 exploitation of biomass to produce a broad range of value-added products. 342
The opportunities: Bioenergy and Bioproducts 343
Biorefining is analogous to petroleum refineries and have so far been conceptualized around 344 production of energy and biofuels [54] . Furthermore, integrated biorefining to produce a 345 wider range of bio-based products (spanning food, feed, chemicals and biofuels) is the 346 preferred valorisation approach in future bioeconomic models 
Biogas 403
Biogas can be used for a diverse range of purposes, including producing heat, steam and 404 electricity, or it can be upgraded to biomethane and used as an equivalent of natural gas as a fuel [71] . In the EU, biogas is mainly used for production of electricity and/or heat. Germany 406 is the leader in biogas production from the fermentation of agricultural crops and residues, 407 accounting for 64 percent of total EU production in 2015. The United Kingdom, along with 408 Estonia, Greece, Ireland, Portugal, and Spain, rely on waste management processes of 409 anaerobic digestion of landfill and sewage sludge for over 80 percent of their biogas [72] . projected production of some lignocellulosic-based chemicals and materials in Europe (in 441 2020 and 2030) is summarized in Figure 3 [83]. 442
Bio-Polymers 443
Novel materials that can be produced from biorefining include biosurfactants, biolubricants, 444 and bioplastics (from bio-based polymers e.g. polyesters, polyamides, and polyimides) 445 [74, 80] . Global output of bio-based polymer production is forecast to increase from 6.6 446 million tonnes in 2016 to 8.5 million tonnes in 2021, with Europe's share projected to grow 447 from 27.1% to 26.0% [84] . Of special note, bioplastics are receiving significant global 448 attention as a replacement for non-degradable plastics that are currently produced in large 449 quantities. On a world-wide basis, 335 million tonnes of plastic materials were produced in 450 starch blends, arising from an unfavorable political framework and a tendency to import 453 biopolymers (e.g. Polybutylene adipate-co-terephthalate and Polylactic acid from Asia; [86]). 454 importing lignocellulosic biomass from forest residues, and considered agricultural residues 542 as "the cheapest option". Furthermore, in the case of strong global climate policy, such 543 regions will probably retain a greater percentage of biomass for domestic use. Therefore, 544 future biomass supply to Europe may be jeopardized. 545
546
Recently, the AGRIFORVALOR Project (2018) studied the potential of lignocellulosic 547 biomass residues and wastes for a sustainable biobased economy in the EU [103]. The project 548 estimated the availability and type of lignocellulosic residues and wastes through conducting 549 literature reviews and interviews with farmers, foresters and industry. The project developed 550 three potential investment opportunity scenarios based on Spain (biorefinery of olive 551 biomass), Ireland (biorefinery of grass) and Hungary (biorefinery of whey and straw).
The primary focus of most biomass availability studies recently conducted has been on the 554 production of biofuels and bioenergy. More studies are required on cost efficiency of 555 multiproduct biorefining, combined with an examination of greenhouse gas emissions 556 associated with multiproduct biorefining of different biomass feedstock. 557 558
Biomass value chain modelling 559
Feedstock supply, processing and product markets are the main components of the targeted 560 value chain. Regardless of lignocellulosic biomass type, in most cases feedstock is collected 561 at a certain location near the source(s) and then transported (by methods such as road and 562 rail) to biorefineries at different locations. Therefore, managing the feedstock supply chain 563 can effectively reduce the cost of feedstock supply, and therefore the cost of the final product, 564 as well as ensuring sustainable supply of feedstock [104]. However, lignocellulosic biomass 565 varies in nature, and the structure of the supply chain is different, so no standard model can 566 be applied directly for supply of any biomass. Therefore, studies have attempted to optimize 567 the feedstock supply chain, taking into account supply and demand uncertainties [105] . 568 569 Additionally, value chain models have developed to allow for flexible conversion scenarios 570
[106], and this has encouraged additional study of the impact of conversion technology 571 choice and targeting of final products for value chain optimization. Lignin and sugar 572 valorisation is a noteworthy focus in such work, as well as the production of biochemical, 573 biopolymers and bioethanol. Such an integrated biorefining model, along with the use of 574 efficient conversion technologies, is expected to provide the best chance for more widespread 575 commercialization of lignocellulosic biorefineries, an aspect which thus far has been difficult 576 to achieve [107-109]. However, given multi-faceted nature and fast-changing character of 577 this sector, predictions for the future of the biorefinery sector will carry a degree of 578 uncertainty [110] . 579 
